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ABSTRACT 
 Characterization of Biomechanical Properties of Mitral Valve Chordae 
Tendineae  
Keping Zuo, M.S. 
University of Connecticut, 2014 
Mitral regurgitation and prolapse are the two most common mitral valve (MV) diseases 
and result in leakage of blood back into the left atrium during systole. Alteration of one or more 
MV components can lead to mitral regurgitation or prolapse. Chordae tendineae rupture is the 
most common cause of mitral insufficiency. Although the current advances in understanding of 
the nature history of valvular heart disease have resulted in enhanced diagnostic technologies and 
surgical procedures, mitral regurgitation remains a major clinical challenge and is associated 
with high mortality. A better understanding of the in vitro mechanics of the mitral valve will be 
important for the development of prosthetic devices, the replacement and repair of the mitral 
valve.  
Currently, there is no report on human chordal mechanical properties in the literature. 
This thesis work presents an integrated experimental and computational study aiming at the 
characterization of the mechanical properties of the basal and marginal chordae tendineae 
(chords) of the anterior and posterior mitral leaflets and the strut chords of the anterior leaflet of 
aged human and ovine hearts. The human chords were compared to ovine chords to determine 
discrepancies in the mechanical properties between the species. The material characterization 
included detailed analyses of stress-strain relationship, extensibility, and failure strength from 
xvi 
 
uniaxial tests. Histological analysis was performed to elucidate the association between the 
underlying microstructure and the unique material properties of the chordae tendineae of aged 
human and ovine. The experimental data were modeled using a nonlinear hyperelastic material 
model and incorporated into a finite element simulation of the chord displacement in a mitral 
valve model.    
The study results showed that the stress-strain response curves exhibited nonlinear 
characteristic of both human and ovine chords. The Secant stiffnesses at low (0.4 MPa), 
intermediate (1 MPa) and high (10 MPa) stress levels showed that aged human mitral chords of 
differing types exhibited similar elastic and failure properties, but among the ovine samples, 
marginal chords were generally stiffer and stronger than the basal and strut chords.  The ovine 
chords of all types were significantly more compliant than the corresponding human chords, and 
typically stronger, which can be explained by histology results: collagen fibers in the human 
chords exhibited less crimp characteristic which resulted in the reduced extensibility at low load, 
while the collagen fibers in the ovine chords were denser and crimped which resulted in high 
extensibility at low loads and greater fiber recruitment thus a higher modulus at high load. The 
experimental data were fitted with a nonlinear hyperelastic material model and incorporated into 
a finite element simulation of human mitral valve closure. The simulation results showed that 
when applying the ovine chordal properties, the mitral leaflets exhibited a billowing effect, thus 
demonstrating the importance of the chordae material properties for proper MV function.   
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1 Chapter 1: INTRODUCTION 
Diseases and disorders of the heart valves remain the main cause of reduced quality of life, 
disability, and premature mortality; valvular heart disease continues a major cause of morbidity 
and mortality in the United States and worldwide[1]. There are about 100,000 open-heart 
operations for valve replacement and repair and an estimated 20,260 death for valvular heart 
disease annually in the United States alone, and this number accounts for only about 20% of all 
cardiac surgical cases. The increasing of life expectancy in many industrial countries and the 
current epidemic of atherosclerotic risk factors has resulted in an increase in age-related and 
degenerative valvular heart disease. As the prevalence of the valve disease increases with the 
aging of the population, even great number of patients with valvular heart disease can be 
predicted both in the United States and worldwide[1]. 
The mitral valve (MV) is one of the important structures of the heart.  It is composed of the  
annulus, the anterior and posterior leaflets, chordae tendineae, and the papillary muscles with 
well adopted closing mechanism[2, 3]. The two mitral leaflets and the left ventricular are 
mechanical connected by the chordae tendineae and papillary muscles that are embedded in wall 
of the left ventricular [4]. The mitral valve undergoes complex deformations during each cardiac 
cycle; during systole, all the elements of the mitral valve need to work together to ensure proper 
valve closure and prevent mitral valve regurgitation or prolapse. Any of the changes in these 
elements of the valve apparatus will cause malfunction of the mitral valve and then lead to valve 
malfunction. One important role of chordae tendineae is anchoring the leaflets to prevent laekage 
and supporting the subvalular [5]. The chordal disease and rupture will cause mitral valve 
regurgitation, which had usually been surgically corrected. In the past decades the surgical 
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strategies for mitral regurgitation has shifted from replacement of the whole native mitral valve 
with a prosthetic valve to mitral valve repair because of  the low risk of thrombolytic events and 
reduced need of long-term anticoagulation for the mitral valve repair[6]. Ruptured chordae 
tendineae can be repaired by reconstruction or replacing chordae tendineae with different 
surgical treatments. Chordae transfer is a reliable technique for correction of anterior leaflet 
prolapse for patients with normal-length of primary or secondary chords.    
There are many challenges during mitral valve surgical procedures because of its 
physiological complexity, three dimensional anatomy and adjacent structure. A better 
understanding of the in vivo mechanics of the mitral valve will be extremely important for the 
development of prosthetic devices,  the replacement and repair of the mitral valve[7].  Several 
research groups have developed finite element (FE) models to simulate MV mechanics, 
but many of such studies are limited by the use of simplified or animal mitral leaflet 
and chord tissue properties [8-11]. Wang and Sun [7] recently created a finite element model 
for mitral valve dynamic deformation using patient-specific multi-slices computed tomography 
scans; this model was developed with details including mitral leaflet thickness, chordae origin 
and inserting points, papillary muscle locations and mitral annulus dynamic motion data. The 
results of this study could help to increase our understanding of the mitral valve mechanics, 
disease and surgical repair. Regardless, the material properties of the human mitral leaflet tissues 
were tested and utilized in the model, while chordae tendineae material properties were obtained 
from porcine from the literature. Hence, there is a mismatch in tissue properties which could 
affect the simulation results. 
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Material properties of chordae tendineae have been studies by some research groups on both 
porcine[12-14] and human[15-17], but most of these studies used traditional uniaxial tensile test 
method, in which the samples were clamped by the jaws or other clamps, the distance between 
the clamping mechanism were recorded as the original sample lengths, the machine cross-head 
movements were recorded as the displacements of the samples under the loadings. The end 
effects will be included in the strain calculation using this method. It is not a good experimental 
practice to measure the extension of the specimen by the change in distance between the 
grippers[18]. A marker and camera system was utilized by Ritchie et al. to study the material 
properties of mitral valve chordae tendineae of porcine valve[14]; by tracking the displacement 
of the markers on the chordae, this non-contact optical method minimized the end effects to the 
calculation of the strain. The strain calculated using the cross-head displacement would be 
approximately 46% higher than that using the camera system[14]. In order to obtain more 
accurate numerical prediction of the mitral valve response, material properties of human chordae 
should be used in the heart simulation. Ovine tissues were included in the analysis because 
the ovine model is often used to study in vivo MV mechanics ([19-21], yet there is a lack 
of mechanical testing data for the ovine chords in the literature.  . The underlying basis of 
the mechanical properties of mitral valve chordae tendineae of human and ovine lies in their 
unique microstructures. Therefore, histological analysis of mitral valve chordae tendineae will 
provide additional understanding of their mechanical properties. 
The purpose of the studies presented in this thesis is to improve the understanding of the 
mitral apparatus of aged human and ovine. A Data Acquisition System was created to record the 
displacement of two markers on the chordae and the load information. Uniaxial tests were 
conducted to determine the mechanical properties of the chordae tendineae of aged human and 
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ovine. A LabVIEW program was created to trace the markers, extract coordinate values of the 
markers on the chordae and synchronize the loads with two markers’ positions. Three Matlab 
programs were created to calculate stress and strain values and export stress strain plots, secant 
modulus calculation, curve fitting for Ogden module, Young’s modulus, extensibility, failure 
stress and failure strain calculation. Tissue microstructure was analyzed via histological 
techniques in order to determine the underlying microstructure and how this microstructure 
related to the mechanical properties. Hematoxylin and Eosin (H & E) stains, and Verhoeff and 
van Gieson stains were performed on both radial and longitudinal sections for human and ovine 
samples to determine the collagen and elastin distribution of the chordae. Von Kossa stains were 
performed on the same sections of human samples only to determine calcification status. Ogden 
model parameters were extracted from the experiment data and chordae finite element simulation 
was conducted and verified with experiment data.  
 
1.1 Background 
1.1.1 Anatomy of the heart 
The heart is one of the most important organs in the body; it consists of four chambers, 
two upper chambers (the atria) and two lower ones (the ventricles); it can be divided into a left 
heart and right heart. The right atrium and the right ventricle make up the right heart, the left 
atrium and left ventricle make up the left heart. The septum separates the two sides of the heart.  
The main function of the heart is to pump blood throughout the body. The right side of the heart 
receives deoxygenated blood from the systemic circulation and pumps it to the pulmonary 
circulation via the pulmonary artery and travels to lungs where the lungs replenish the oxygen in 
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the blood. The left side of the heart receives oxygenated blood from the pulmonary circulation 
and pumps it to the systemic circulation. Both sides of the heart pump equal amounts of blood 
simultaneously, but the left side of the heart performs more work as it pumps blood at a higher 
pressure into a higher-resistance system, therefore the left side of the heart has a thicker muscle 
making it a stronger pump. Figure 1-1 describes the heart anatomy and the flow of blood through 
the chambers and heart valves. 
 
Figure 1-1: Anatomical structure of the heart (adapted from 
http://www.nhlbi.nih.gov/health//dci/Diseases/hhw/hhw_anatomy.html ) 
There are four valves in the heart which separate each chamber: right and left 
atrioventricular (AV) valves and aortic and pulmonary valves. Heart valves’ main function is to 
make sure the blood flows in the proper direction through the heart. Atrioventicular vales are 
positioned between the atrium and the ventricle on left and right sides, respectively. During 
ventricular filling (ventricular diastole), the valves open allowing the blood to flow from the atria 
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into the ventricles, however, during ventricular emptying (ventricular systole) the valves close 
and prevent the backflow of the blood from ventricles into atria. The left AV valve is often called 
mitral valve or bicuspid valve, which consists of two cusps; the right AV valve is called tricuspid 
valve because it consists of three leaflets. 
 
1.1.2 Anatomy of the Mitral Valve 
 As mentioned above, the mitral valve is a dual-flap valve in the heart which located 
between left atrium and left ventricle. The mitral valve is the most complex of the four heart 
valves[22]. The mitral valve complex is consisting of two mitral valve leaflets, an annulus, some 
chordae tendineae, two papillary muscles and the left ventricular myocardium. The two leaflets 
are anterior leaflet and posterior leaflet. The anterior leaflet composes approximately two thirds 
of the valve area with a truncated triangular shape. The posterior leaflet is more elongated and 
rectangular. The annulus is attached by anterior leaflet covering one third of its circumference. 
Figure 1-2 provides a section view of the mital valve. 
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Figure 1-2: Mitral Valve and its prolapsed status (adapted from http://www.drugs.com/health-
guide/mitral-valve-prolapse.html ) 
The mitral valve regulated the flow of blood from the left atrium to the left ventricle. 
During mitral diastole, mitral valve opens as the atrial pressure increases above that of the left 
ventricle. During ventricular systole, the mitral valve closes to prevent the backflow of the blood 
into the left ventricular. The edge of the mitral valve leaflets are fastened by chordae tendineae, 
which prevent the valves from being reverted. The chordae extend from the edge of the leaflets 
and attach to the two papillary muscles, which protrude from the inner surface of the ventricular 
walls. There are three layers in mitral valve leaflets, the atrialis, the fibrosa, and ventricularis.  
The leaflets can be divided into arterial leaflet and posterior leaflet, and can be further 
decomposed into two commissural areas, anterolateral and posteromedial. The arterial leaflet is 
the bigger one with a semicircular shape. There is a leaflet closure line located 0.8 to 1.0cm  
from the its free margin[3]. The leaflet rough zone is distal to this line of ridge. The closure line 
is formed by the rough zones from both anterior and posterior leaflet coming into contact during 
valve closure. The anterior leaflet is membranous between the rough zone and the valve annulus. 
This membranous zone, which is also called clear zone, is free from chordae insertions and is 
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approximately twice the height of the rough zone at the center of the anterior leaflet. Figure 1-3 
is a diagram representation the mitral valve leaflet and rough zone. 
 
Figure 1-3: Diagrammatic representation of mitral valve leaflets[3]. 
 
1.1.3 Anatomy of the Chordae Tendineae 
The mitral valve complex of human heart consists of the valve leaflets, chordae tendineae 
and papillary muscles. The chordae tendineae are cord-like tendons that connect the papillary 
muscles to the mitral valve, they are approximately 80% collagen, while the remaining 20% is 
made up of elastin and endothelial cells. The roles of the mitral valve chordae are transiting of 
the contractions of the papillary muscles to the mitral valve leaflets, anchoring the leaflets to 
maintain proper valve closure and preventing valve prolapse. In order to function properly, the 
chordae have to have a high degree of elasticity, considerable strength and endurance[23]. 
There are dense chordae insertion in the commissure sections near the annulus than in the 
other areas of the mitral valve[24], no direct insertions are found in the middle sections of the 
base of both the anterior and posterior leaflets. No chorda insertion area in anterior leaflet is 
bigger than that in the posterior leaflet. The length of the chordae inserting into the central 
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commissural area are significantly shorter than that of those inserting above and below this 
location (35.8% anterior PM, 44.7 posterior PM), as shown in the following figure. Figure 1-4 is 
a diagram representation of the chordae tendineae insertion pattern and the average chordae 
lengths. 
 
Figure 1-4: (A) Diagram of the chordae tendineae insertion pattern. (B) Lateral diagram of the mitral 
valve with average chordal lengths[24]. 
 
Millington-Sanders et al.’s study showed that there are 8-12 chordae tendineae in a mitral 
valve, 15-20 mm long and approximately 0.45 mm diameter[23].  The chordae tendineae are 
composed of three layers[25]: the inner layer is composed of tightly bound collagen, the second 
layer is composed of loosely connected layer of collagen with elastic fibers interspersed within 
the collagen fibrils, the outer layer is a singer layer of endothelial cells surrounding the entire 
chordae. Ritchie et al. generated the following three-dimensional model to illustrate the chordae 
structure (Figure 1-5). 
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Figure 1-5: Three dimensional model of the mitral valve chordae tendineae. there are three distinct layers: 
an inner collagen core, a middle layer of loose collagen with elastin fibers interwoven, and an outer layer 
of endothelial cells[25]. 
 
The outer layer endocardium, composed of a superficial layer of smooth squamous 
endothelial cells, was found to be approximately 4μm thick, with an inclined angle to the chordae 
axis; when the chordae became stretched by papillary muscle contraction, the relaxed chordae’s 
undulating collagen fibrils will be stretched and the chordae straighten to mitigate the peak stress 
developed during muscle contraction. The elastic fibers diminished towards the center to the 
chordae with increasing of the amount of the collagen. 
Ritchie et al. measured the diameter and the length from the origin in the papillary muscle 
to insertion point on the anterior leaflet for porcine (Table 1), and found there was a significant 
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difference (p˂0.02) between the diameter and length of the two types of the strut chordae which 
connected on the posterior medial papillary muscle and the anterior lateral papillary muscle[26]. 
Table 1:Geometrical differences between the posterior medial and anterior lateral strut chordae in 
diameter and length[14]. 
 
 
Chordae tendineae connecting to the anterior leaflet insert with an angle whereas those 
that inset into posterior leaflet are aligned parallel to each other[2], Figure 1-6 demonstrates this 
statement. 
Lam et al. define the chordae arising as a main stem and branching radically like the 
struts of a fan as commissural chordae; some of the commissure chordae extent their fibers 
within the leaflet till the base of the cusp. Normally there are two commissural chordae, one 
connects with the anterolateral commissural area and the other with 60the posteromedial area.  
The posteromedial commissural chordae have longer, thicker, and wider spreading branches than 
the anterolateral commissural chordae.  
Lam et al. [2] define the chordae inserting into rough zone as rough zone chordae; soon 
after its origin from the papillary muscle, each chordae breaks into three cords. One connects to 
the free margin of the valve leaflet, one at the closure line, the remaining one inserts between 
them. There are two thickest and largest ones among the anterior rough zone chordae tendineae, 
12 
 
which are named strut chordae. Usually strut chordae originate from the anterolateral and 
posteromedial papillary muscles and insert directly into the ventricle surface of the anterior 
leaflet.  
There are 3 types of chordae tendineae were defined for posterior leaflet[2]: the ones 
inserting into basal portion of the leaflet are basal chordae, the ones inserting into rough zone of 
posterior leaflet are rough zone chordae of posterior leaflet; the third type of chorda,  which  
inserts into the clefts in the posterior leaflet, is called cleft chorda. Table 2 shows the average 
length and thickness of chordae tendineae of human mitral valve based on Lam’s 
classification[2]. 
Table 2: Average length and thickness of chordae tendineae of human mitral valve[2] 
 
There are many other chordae tendineae classifications before this one, one of them 
divided chordae into three orders[2]: the chordae inserted into the free margin of the leaflet were 
called first order chordae, the one with inserting points 6-8 mm  beyond the free margin on the 
ventricular surface were called the second order chordae, the one with insertion points on the 
basal portion of the leaflet on its ventricular side were called the third order chordae. The 
advantage of this classification is simplicity. 
In our study, combining the simplicity and morphology, chordae tendineae have been 
categorized into five groups depending on the leaflet to which they were connected (anterior or 
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posterior leaflet) and where they inserted in the leaflet, they are anterior strut chordae (AS), 
anterior marginal chordae (AM), anterior basal chordae (AB), posterior marginal chordae (PM) 
and posterior basal chordae (PB). Among them, strut chordae are only associated with the 
anterior leaflet. Figure 1-6 showing the five types of chordae classified in this study, and this 
classification has been described previously. 
 
Figure 1-6: A representative human mitral valve and identifications of five chordal types: Anterior Basal 
(AB), Anterior Marginal (AM), Anterior Strut (AS), Posterior Basal (PB) and Posterior Marginal (PM). 
 
1.2 Mechanical properties of mitral valve leaflets and chordae Tendineae 
As mitral valve undergoing a multitude of mechanical inputs during cardiac cycle 
including cyclic bending, hemodynamic shearing stress, and heterogeneous strain[27], there are 
some  research groups working on quantification of the mechanical properties and the 
biomechanical responses of surgical and pharmacological treatment of the mitral valve.  
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1.2.1 Mechanical properties of mitral valve leaflets 
For mammalian species, comparing with the posterior leaflet, the anterior leaflet has 
larger surface area and thickness, fewer chordae attachments with higher modulus of elasticity in 
response to both biaxial and uniaxial tests[27]. The leaflet of mitral valve express wide 
biomechanical anisotropy and heterogeneity, the stiffness is bigger in circumferential direction 
than in the radial on both the anterior and posterior leaflets, with a decrease in modulus from the 
annulus to the free edge[27], see Figure 1-7. The mitral valve chordae interface mechanically 
with the valve leaflets, papillary muscles. The clear zone of the leaflet is stiffer than the rough 
zone.  The insertion region of the anterior leaflet strut chordae experiences no release time during 
all phases of the cardiac cycle. 
 
Figure 1-7: Atral view of the closed mitral valve, showing gradations of tissue stiffness, with highest 
stiffness at the annulus and lowest stiffness at the free edge, where the valve tissue experiences largest 
deformations[27] 
Clark[15] performed an study of human mitral leaflet in 1970s and reported the 
unidirectional nonlinear stress-strain behavior of generalized leaflets. T Pham and W Sun studied 
material properties of aged human mitral valve leaflets[28]. Based on their report, both anterior 
mitral leaflet and posterior leaflet exhibited a nonlinear and anisotropic behavior with the 
circumferential direction being stiffer than the radial direction. The anterior leaflet is 
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significantly stiffer than the posterior stiffness in both directions.  Their histology analysis 
showed that stiffness increased and areal strain decreased with calcification severity; leaflet 
tissues from hypertensive individuals exhibited a higher stiffness and low areal strain than 
normotensive individuals  
Q Wang and W Sun[7] created a patient-specific FE model of a normal mitral valve at 
middle diastole based on data from multi-slice computed tomography scans. Due to the 
physiological transvalvular pressure, the mitral valve was closed completely at middle systole. 
From the FE simulation result showed in the Figure 1-8, there was higher stress in anterior mitral 
valve than in posterior mitral leaflet. The maximum principle stress of anterior mitral leaflet was 
334.0 KPa while that of posterior one was 251.9KPa[7]. 
                   
Figure 1-8: Diagram representation of stress distribution of the closed mitral valve at middle systole[7] 
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1.2.2 Mechanical properties of chordae tendineae of mitral valve 
The chordae tendineae are columnar structures interfacing mechanically with the leaflets, 
papillary muscles and indirectly the ventricular wall in response to intrinsic and extrinsic 
stimuli[29]. Collagen fiber orientation is complex throughout the insertion region in the leaflets, 
allowing for three dimensional transmission of strain through the chordae tendineae[27]. 
Several studies have been conducted in the literature to measure the mechanical 
properties of chordae tendineae of mitral valve. Although Young’s modulus, a concept borrowed 
from linear elasticity, is inappropriate for deformations involved in soft biological tissues [18, 
30], most of the research groups had reported it. As long as we have the stress and strain 
measures on which it depends, we can approximately get a picture about the material properties.  
Millard et al. conducted an investigation on the mechanical properties of chordae 
tendineae of the mitral heart valve and determined the Young’s modulus and structural stiffness 
from two age groups (young 18-26 weeks and old over 2 years)[13]. Comparing the chordae 
from the posterior leaflet of the valve, there were significantly higher (p < 0.05) values of 
Young’s modulus for the thinner marginal chordae (59 ± 31 MPa young; 88 ± 21 MPa old) than 
for thicker basal chordae (31 ± 4MPa young; 28 ± 9 MPa old). Comparing the chordae from two 
age groups, marginal chordae from both anterior and posterior sides had significantly higher (p < 
0.05) value for their Young’s modulus in old (88 ± 21 MPa) than in young (62 ± 17 MPa 
anterior, 59 ± 18 MPa posterior,). These values of Young’s modulus were comparable with those 
reported previously for chordae tendineae[12, 15, 16, 31, 32]. For marginal chordae, the reported 
Young’s modulus values range from 33MPa[12] to 84MPa[32]; for basal chordae, from 
21MPa[12] to 86MPa[32]; for porcine strut chordae, the value determined previously was 
64MPa[32]. These findings were described by Millard et al. [13]  in Table 3 and Table 4. 
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Table 3: Mean values ( ± standard deviations) for the dimensions of the chordae all n=6) 
 
Table 4: Mean values (±standard deviation) of the Young's modulus, E, of chordae from young and old 
hearts. all n=6)[13] 
 
From these two tables, we can find that the marginal chordae are thinner than basal 
chordae and this is consistent with Lam et al.[2], and the thinner marginal chordae had a 
significantly higher value than thicker basal chordae for both anterior and posterior leaflets. And 
the findings by Millard et al.[13] are consistent with those of Liao et al. [32] and  Kunzelman et 
al.[12]. 
Jimenez et al.[24] conducted a study on the effects of saddle shaped annulus on mitral 
valve function and chordal force distribution. They concluded that the shape of the human mitral 
valve annulus is a three-dimensional saddle.  There was no significant difference in mitral 
regurgitation volume when comparing the flat and the saddle shaped configuration[24].they 
reported that in the saddle shaped configuration, there was 18.5%±16.1%(p˂0.02) decrease on 
the tension of anterior strut chord, 22.3% ±17.1% (p <0.03) increase on  the tension of posterior 
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intermediate chordae, and a 59.0% ± 32.2% (p <0.01) increase on tension of the commissural 
chordae.  
 
Failure mechanics of mitral valve chordae tendineae were measured by K.L. Sedransk at 
al.[33], they found that for failure loads, marginal chordae tore at significantly lower loads than 
basal chordae both in the posterior leaflet and in the anterior leaflet; for failure strengths(after 
normalizing to cross-sectional area), posterior marginal chordae were significantly weaker than 
posterior basal chordae, whereas anterior  marginal chordae were significantly stronger than 
anterior basal chordae. And posterior marginal chordae were significantly weaker than anterior 
marginal chordae (p<0.0003, t test) when comparing chordae types between different leaflets; for 
failure strain, marginal chordae was significantly less than basal chordae in both the posterior 
leaflet and in anterior leaflet. Posterior basal chordae was less than anterior basal chordae. The 
important finding of this study was the failure strength and failure strain of chordae depend more 
on the insertion position than on the particular leaflet.  
1.3 Mitral valve disease and the treatment 
The mitral valve complex, including mitral valve leaflets, annulus, chordae tendineae, 
papillary muscles and the left ventricular myocardium, all these structures must work in 
synchrony to open during diastole and close in systole effectively within the high pressure 
systemic environment[34]. Morphological changes in any parts of the mitral valve complex can 
affect mechanical integrity resulting in abnormal leaflet coaptation and regurgitation of blood 
back into the left atrium causing loss of ventricular pressure and forward flow[34]. 
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1.3.1 Mitral Valve disease  
The mitral valve is a unique tissue exposed to a complex mechanical environment[27], it 
is the one most commonly associated with disease[22]. Its pathology includes ischemia, post-
infarction, dilated cardiomyopathy, regurgitation, annular dilatation, chordal dysfunction etc. 
 There are  three conditions frequently found with mitral valve disorder:  obstruction, 
leakage, and bulging backward during valve closure, which related mitral stenosis, mitral 
regurgitation and mitral prolapse respectively[22]. Mitral prolapse is the most common valve 
disease, with prevalence up to 5% the population. Mitral stenosis is the least common valve 
disease in the United States, accounting for less than 1% of cardiac diagnoses.  
Obstruction or narrowing the mitral valve is called mitral stenosis. The most frequent 
cause of mitral stenosis is chronic rheumatic carditis[1]. There is a dramatic decline in the 
incidence of acute rheumatic fever in most developed countries; this directly leads to a 
corresponding decline in the incidence and prevalence of the mitral stenosis. Valvuloplasty is 
used to relieve the blockage by inflating a balloon to open the valve for the patients whose valves 
with heavily calcification and severe leakage. 
Mitral valve prolapse is a common valve abnormality in United States, occurring most 
frequently in women. The most common heart problem associating with mitral valve prolapse is 
mitral regurgitation.  
Mitral regurgitation is a condition that the mitral valve does not close completely during 
contraction of the ventricle and the blood flow back into the atrium. Mitral regurgitation is the 
most commonly uncounted clinically significant valvular disease in the United States[1]. There 
are many causes which may result in mitral valve regurgitation. They are primary mitral valve 
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disease, mitral regurgitation secondary to another cardiac disease, mitral valve involvement in a 
systemic disease, and external causes. Primary mitral valve disease includes myxomatous mitral 
valve disease (mitral valve prolapse), rheumatic valve disease, acute rheumatic fever, mitral 
annular calcification, degenerative leaflet changes and idiopathic chordal rupture. Mitral annular 
calcification prevents the mitral valve leaflets from closing completely.  For mitral regurgitation 
secondary to another cardiac disease, it includes coronary artery disease, papillary muscle 
rupture, Marfan syndrome. Congenital heart disease can lead to mitral regurgitation. Damage of 
the heart muscle of the chordae tendineae is another common cause of mitral regurgitation. 
Myocardial infarction can result in an enlarged left ventricle, damage to the chordae tendineae 
and the heart muscles which control the mitral valve movement. Figure 1-9 shows mitral valve 
under normal and pathological condition. 
 
Figure 1-9: Mitral valve under normal and pathological conditions[27] 
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1.3.2 Mitral Valve replacement and repair 
Mitral valve replacement or repair is an operation choice for heart diseases.  The surgery 
of the heart valve replacement involves the removing of much of the native mitral valve tissues 
and replacing it with a mechanical or bioprosthetic valve. The mechanical valve is made of 
plastic or metal while the bioprosthetic valve is made of animal tissues.  
The first mitral valve operation was conducted by Dr. Elliott Cutler of Peter Bent 
Brigham Hospital in 1923[1]. The introduction of cardiopulmonary bypass machine in 1950s 
was mainly focused on mitral valve replacement. The Starr Edwards mechanical “ball and cage” 
prosthetic valve became available commercially in 1960s, Alain Carpentier developed a 
functional classification of mitral regurgitation and introduced various reparative techniques in 
1970s. He described three types of mitral insufficiency: Type I valve dysfunction has normal 
leaflet motion with annular dilation or leaflet perforation; Type II has excessive leaflet motion 
and leaflet prolapse, including chord rupture or elongation and pupillary muscle rupture or 
elongation; and Type III has restricted leaflet motion[1]. Carpentier illustrated famous 
quadrangular resection, transposition of normal chords, and the use of a remodeling annuloplasty 
ring.  The procedure of mitral valve repair soon became easy with repeated operation result, and 
it gained widespread acceptance and remained the standard operation in many mitral valve repair 
centers[6]. Traditional heart repair or replacement has involved open-heart surgery and a 
cardiopulmonary bypass machine is needed to pump the blood while the heart is stopped and 
kept still during the heart operation. Possible risks associated with valve repair or replacement 
surgery include bleeding during or after the surgery, blood clots, infection, pneumonia, breathing 
problem and abnormal heart rhythms. Compared with people receiving a bioprosthetic heart 
valve, one who receive a mechanical heart valve are more likely to develop blood clots in the 
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heart causing stroke, it is necessary to receiving a lifelong anticoagulation therapy for the 
patient’s rest of life.  
Type I dysfunction is caused by either the annular dilation or perforated leaflets. Type II 
dysfunction is caused by an elongated chordae, a ruptured chordae or a ruptured papillary 
muscle, which results in one leaflet prolapsing more than the other, poor leaflet cooptation. Type 
III dysfunction is caused by leaflet thickening and commissural fusion. 
Carpentier and colleagues proposed three important golden rules of mitral valve repair: 
preservation or restoration of normal leaflet motion, creation of large cooptation surface and 
stabilizing of the entire annulus with a remodeling annuloplasty. 
1.3.3 Mitral valve repair techniques 
Type II dysfunction Repair strategy includes leaflet resection(Quadrangular resection), 
artificial chords, chord transferring, sliding plasty, shortening of the anterior leaflets, 
annuoplasty, Edge to edge repair, commissuroplasty and anterior leaflet chord shortening or 
repositioning[1]. 
1.3.3.1 Artificial chordae 
Ruptured chordae tendineae can be repaired by reconstruction or replacing chordae 
tendineae with different surgical treatments. Due to the limited availability of the healthy tissue 
surrounding the damaged tissue[5], instead of reconstruction, artificial chordae were more 
attracted for the repair surgery. Furthermore, as some reported results showed that the repaired 
chordae through chordal transposition, chordal shortening, and leaflet fixation on secondary 
chordae are still diseased and may again elongated or rupture with time, there has been recent 
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renewed interest in the use of the artificial chordae to replace the ruptured or elongated native 
mitral valve chordae.  
Various types of sutures including silk, nylon, mersilene were tested as chordae 
replacement for the elongation rupture of chordae tendineae in early or mod-1960s, but the 
reported results for patients who survived has been quite limited[35]. The experiment of 
replacing the posterior leaflet and chordae with autologous pericardium showed the pericardium 
in dogs retained early flexibility but was thickened and contracted in old explants. 
Polytetrafluoroethylene (PTFE) is a material with the unique property of becoming 
covered by host fibrosa and endothethelium. Expanded polytetrafluoroethylene (ePTFE) is a 
thermoplastic polymer with a wide variety of applications. Besides its outstanding chemical, 
physical, mechanical and thermal properties, ePTFE is flexible with high tensile strength and 
resistance to fatigue. These properties made ePTFE the ideal material for artificial chordae[35]. 
The suture material made of ePTFE is a microporos, nonabsorbale, and monofilament. Artificial 
chordae made of ePTFE have replaced chordae made of autologous or xenograft pericardium. 
Artificial chordae is particularly useful for patients with anterior leaflet prolapse or ruptured 
chords.  
The use of PTFE chordae is an established method to solve the problem of elongated or 
ruptured chordae which causes mitral valve prolapse. The difficulty of this technique is the 
determination of the length of the neo-chords to avoid leaflet restricting when it is too shot or 
residual prolapse when it is too long. This technique is safe, effective, and reproducible. The 
anatomic rules for repair of the a diseases mitral valve was reported by Frater based on thorough 
review of the basic anatomy of normal canine and human mitral valve, the role of the chordae 
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tendineae. The fact that the free edges of the anterior leaflets and posterior leaflets were always 
parallel wherever they met can guide us to determine the proper length of a neochordae no matter 
how complex the leaflets’ shapes are, where are the original locations at the papillary muscles 
and insertions on the leaflets. The proper lengths can be measured on the straight line of the 
chordae when they contribute to the parallel position of free edge of the leaflets. 
1.3.3.2 Quadrangular resection 
Quadrangular resection with an annuloplasty ring is the most common mitral valve repair 
surgery with the help of the standard cardiopulmonary bypass techniques including cannulation 
of both superior and inferior vena cavae, see Figure 1-10.  
 
Figure 1-10: Posterior Quadrangular Resection for posterior mitral leaflet prolapse. A) Frequently, 
posterior leaflet prolapse results from a ruptures chord that normally prevents the leaflet from prolapsing.  
B) In this repair, the prolapsing segment of the leaflets is removed along with its ruptured chord.  C) The 
diameter of the mitral valve is slightly reduced to accommodate the resected portion. The cut edges of the 
leaflet are sewn together.  D) A fabric ring is placed around the repair to reinforce it and enhance its 
durability. (Adapted from  
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http://www.hopkinsmedicine.org/heart_vascular_institute/conditions_treatments/treatments/minimally_in
vasive_mitral_valve_repair.html [36]) 
 
1.3.3.3 Chordae transfer 
Chordae transfer is a reliable technique for correction of anterior leaflet prolapse. For 
patients with normal-length of primary or secondary chords, normal chordae and a portion of the 
surrounding posterior leaflet are transferred to the free edge of the unsupported anterior leaflet. 
Occasionally, secondary anterior leaflet chordae may be transferred from the ventricular surface 
of the anterior leaflet to its unsupported free edge, see Figure 1-11. And this technique has been 
documented with excellent durability [37]. 
 
Figure 1-11: Repair of limited anterior leaflet prolapse by transfer of anterior leaflet secondary 
chord[37](Adapted from http://mmcts.oxfordjournals.org/content/2005/0118/mmcts.2004.000901.full )  
 
1.3.3.4 Edge-to-edge repair 
The edge-to-edge repair was first introduced in 1995 as a simple and effective surgical 
procedure for the treatment of mitral regurgitation when standard reparative techniques are not 
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so satisfactory. The suturing position is selected at the site where regurgitation occurs, see Figure 
1-12. Initially Alfieri et al performed this technique without concomitant ring annuloplasty and 
add it as the recurrent mitral regurgitation that had just edge-to-edge approximation.  
 
Figure 1-12: The edge-to edge technique used as a double orifice repair[38] (Adapted from 
http://www.fac.org.ar/tcvc/llave/c366/alfieri.htm )  
 
The superiority of mitral valve repair compared to replacement is the lower risk of 
thromboembolic events and the needs for long-term anticoagulation. For correcting mitral 
regurgitation in myxomatous disease, Mitral valve repair provides better long term results than 
mitral valve replacement [35]. For patients with both fibroelastic deficiency and those with more 
complex Barlow disease of mitral valve, elongated or ruptured chordae are very common 
pathology findings. In terms of patient survival and the stability of repair, the results of mitral 
valve repair have been excellent for periods of up to 20 years[39].   
1.3.4 Mitral valve replacement 
Although mitral valve repair is the preferred choice for mitral regurgitation, replacement 
is still necessary in some cases[40] such as patients with rheumatic mitral valve disease with 
leaflet and subvalvular involvement or degenerative disease with mitral annular  and leaflet 
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calcification, endocarditis with extensive valve destruction. For mitral valve stenosis, valve 
replacement is recommended by the American College of Cardiology and the American Heart 
Association(ACC/AHA) when the valve area drops  below 1.5 cm
2 
and is accompanied with 
serious life limiting symptoms[41]. 
1.3.5 The future of the mitral valve repair 
The future of the mitral valve repair is focused on minimally invasive, robotic-assisted, and 
transcatheter repair. Percutaneous mitral valve repair is a catheter-based closed-heart nonsurgical 
approach with less overall trauma and an ultrashort hospital stay[6], and the main stream are 
those adopted from edge-to edge repair and annuloplasty. MitralClip, an example of 
percutaneous mitral valve repair therapy available, is providing an option for select patients with 
mitral regurgitation. Clinic evidence for MitralClip therapy demonstrates reduction in mitral 
regurgitation, reduction in hospitalizations for heart failure. 
2 Chapter 2: SPECIFIC AIMS OF THIS STUDY 
2.1 Specific aim 1: Investigate mechanical properties of mitral valve chordae 
tendineae of aged human and ovine 
2.1.1 Specific aim 1.1: Determine the relationship of Cauchy stress and Green strain 
Experimental Plan:  To obtain stress and strain information, a uniaxial tensile test 
machine and an Image and Data Acquisition System were employed. A camera was set up 
perpendicular to the chordae to measure the displacement of the markers on the chordae during 
uniaxial testing. Instead of using the displacement of the cross-head to determine the elongation 
of the chordae, this non-contact method used the displacement of the two markers on the 
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chordae. This method was similar to that was used by Ritchie[14] to measure porcine chordae 
and was different with most of the methods  used in the previous studies. The mitral chordae was 
preconditioned up to 2N force for 10 cycles at a rate of 50 mm/min to obtain repeatable stress-
strain curves. After preconditioning, the initial condition was checked again, the crosshead 
position was adjusted if needed. Thereafter, the chordae were immediately tested until tore at the 
same displacement rate with continuous recording of the interface load cell readings and the 
image of the dots on the chordae. The video of the two markers was recorded with the Sony 
CCD camera at 30 frames per second during the test. An Image and Data acquisition System was 
created to control the recording of the image and load and make sure their synchronization. The 
load data obtained from the force transducer were correlated with the markers’ positions of each 
frame of the video and then stress/strain curve was generated. 
2.1.2 Specific aim 1.2:  Determine the secant modulus of the mitral valve chordae 
Experimental Plan:  To determine the secant modulus of the mitral valve chordae of aged 
human and ovine and compare them between human and ovine within and out of physiological 
pressure range. Based on information from uniaxial studies, load and elongation were used to 
determine engineering strain and engineering stress and later transferred to Cauchy stress and 
Green Strain. From previous studies an approximate physiological stress range of chordae tissue 
was determined. Considering ranges of all the stress/strain plots and this physiological stress, a 
three-level secant modulus values were calculated. Before comparing, chordae diameter 
information was analyzed and a few degenerated outliers were identified and excluded in the 
comparison. 
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2.1.3 Specific aim 1.3: Determine Young’s modulus, extensibility, failure stress and 
failure strain 
Experimental Plan: for the purpose of comparing data found herein with literature, 
Young’s modulus, extensibility, failure strain and failure stress were calculated from engineering 
strain and stress.  Based on the uniaxial experimental results, the green strain and Cauchy stress 
curves are used to obtain all these parameters including Young’s modulus, extensibility, failure 
stress, failure strain. Young’s modulus is a measure of the incremental stiffness of the material, 
the extensibility is a measure of how much the material will stretch initially before it stiffens up, 
the failure strain and failure stress are the strain and stress value before the material fails[31].  
2.2 Specific aim 2: Characterize the microstructure of chordae tendineae 
Experimental Plan: two samples from each of the five types of ovine chordae and four 
samples from each of the five types of human chordae are chosen randomly for histological 
analysis. Both longitudinal and radial sections were prepared for each sample. For human 
samples, three strains were used for respective slides: Hematoxylin and Eosin, Verhoeff and van 
Gieson and von kossa. For Ovine samples, two stains were used for respective slides: 
Hematoxylin and Eosin, Verhoeff and van Gieson.  Microstructure was analyzed via histological 
techniques in order to determine the underlying microstructure and how this microstructure 
related to the mechanical properties. Hematoxylin and Eosin (H & E) stains, and Verhoeff and 
van Gieson stains were performed on both radial and longitudinal sections for human and ovine 
samples to determine the collagen and elastin distribution of the chordae. Von Kossa stains were 
performed on the sections of human samples only to determine calcification status. 
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2.3 Specific aim 3: Perform constitutive modeling using the experimental 
data and simulation 
Experimental Plan: in order to perform constitutive modeling using the experimental data 
and create finite element model to simulate the mechanical response of the mitral valve leaflet 
coaptation, the first step was to perform curve fitting for both human and ovine samples to get 
Ogden model parameters. 8 samples from each of the five types of chordae for both human and 
ovine will be selected to simulate, results are reported and compared with experimental results.. 
After the chordae simulation, all the parameters were used on the mitral valve finite element 
model to simulate leaflet coaptation status. 
3 Chapter 3: MATERIALS AND METHODS 
3.1 Specimen preparation for Uniaxial Test 
 Eighteen fresh frozen ovine hearts (weight of 374.833  47.947g, 1-2 year old) were 
obtained from the Animal Technologies, Inc. (Tyler, TX), from which a total of 115 chord 
specimens were dissected. Fourteen human cadaver hearts (age of 76.00  11.25 years and 
weight 558.21.538   200.30g) were obtained from the National Disease Research Interchange 
(NDRI, Philadelphia, PA), from which a total of 152 chord specimens were prepared, see 
for human specimen characteristics.  Table 5 
  
31 
 
Table 5: Patients' clinic information 
 
Alz, Alzheimer’s; AP, Asperation Pneumonia; BC, bladder cancer; CA, cardiac arrest; CHF, congestive 
heart failure; COPD, chronic obstructive pulmonary disorder; CPA, Chronic pulmonary aspergillosis; 
HTN, hypertension; PC, prostate cancer; RA, respiratory arrest; RF, respiratory failure; Unk, unknown. 
  
The use of human tissues was approved by the Institutional Review Board at the 
University of Connecticut. All human hearts were fresh frozen within a post-mortem recovery 
intervals (15.32   6.51 hours) and remained frozen until delivery on the next day. All ovine hearts and 
human hearts were stored in 80˚C freezer until testing. Studies suggested that the connective 
tissues can preserve their structural architecture [42] and mechanical properties [43-45] 
when store in a cryoprotectant agent at low temperature (-80°C). The cryopreserved 
specimens were thawed using a four-step process [46] to remove cryoprotectant 
substances prior to testing.  Prior to testing, each heart was submerged in 37˚C water 
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controlled by Poly ProBath RS-PB-100(Revolutionary Science, Shafer, Minnesota) until 
completely defrosted. The entire mitral chordae tendineae with papillary muscles were carefully 
extracted and categorized into five groups depending on the leaflet to which they were connected 
(anterior or posterior leaflet) and where they inserted in the leaflet (Figure 3-1). The five 
groups of chords tested were categorized: the anterior strut chordae (AS), anterior 
marginal chordae (AM), anterior basal chordae (AB), posterior marginal chordae (PM) 
and posterior basal chordae (PB). Five measurements at the middle section of the chord 
were measured from a digital image. Then the chord was rotated about 45 degrees and 
another digital image was taken along with five measurements. The chord diameters 
were averaged from these measurements from the two digital images. Each chord was 
stored in a 4 ˚C solution of saline solution until testing within 24 hours of excising from 
MVs.  See Figure 3-2, Figure 3-3, Figure 3-4 and Figure 3-5 for selected specimen images.   
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Figure 3-1: a) A representative human mitral valve and identifications of five chordal types: Anterior 
Basal (AB), Anterior Marginal (AM), Anterior Strut (AS), Posterior Basal (PB) and Posterior Marginal 
(PM); b) diameter measurements along the chord using a digital camera 
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AS2
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AB PB
PM
Papillary muscles
Anterior Mitral Leaflet
Posterior 
Mitral Leaflet
Commissural 
Mitral Leaflet
Commissural 
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Figure 3-2: Specimen for heart ID HH-060211 
 
Figure 3-3: Specimen for Heart ID HH-040413 
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Figure 3-4: Specimen for Heart ID HH-021209-1 
 
Figure 3-5: Specimen for Heart ID HH042909-4 
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3.2 Specimen preparation for Histology analysis 
Following mechanical testing, chord tissues were fixed in 10% neutral buffered formalin 
for at least 24 hours and dehydrated in a series of ethanol solutions of varying concentrations.  
Each sample was then cut into two parts and embedded in paraffin using the Shandon Pathcentre 
(Thermo Electron Corp, Waltham, MA) to allow for 5 micron sectioning through the chord 
cross-section (circumferential direction) and along the chord length (longitudinal direction). The 
sections were then stained with Hematoxylin and Eosin (HE) and Verhoeff and VanGiesson 
(VVG) stains to visualize the collagen and elastin structure. Digital images of each slide were 
obtained utilizing a Zeiss AxioCam MRm digital camera coupled with a Zeiss Scope.A1 bright-
field microscope. Collagen crimp was observed through a Zeiss AxioCam MRc coupled with 
Zeiss Observer.D1 inverted microscope.  
 
3.3 Methods 
3.3.1 Uniaxial Test Experimental Protocol 
All experiments were carried out on a Tinius Olsen H50KS Universal Materials Testing 
machine (Tinius Olsen, Inc., Horsham, PA) connected to two custom-made grips. A 250 N load 
cell (Interface SMT1-250N, Interface Inc., Scottsdale, Arizona) was attached to the upper 
moving grip. Load data were obtained via a data acquisition card (NI-PCI-6025E National 
Instruments or NI) connected to the NI-SCC-68 I/O Terminal Box and the NI-SCC-SG24 full-
bridge strain gage input.  A CCD camera (Sony XC-ST50, Sony Corporation of America, Park 
Ridge, NJ) was connected to a computer through a frame grabber card (NI-PCI-1405) and 
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recorded data at 30 frames per second.  A custom LabVIEW program was developed to record 
video and load data simultaneously and synchronously. The Tinius Olsen machine was used to 
apply load control whereas the Data Acquisition System was used to control and record the load 
data from the Interface load cell and the video from the camera for the targeted markers area of 
the chordae. Figure 3-6 is the schematic diagram of the uniaxial test system, Figure 3-7 is the 
experimental setup of uniaxial test with camera system.  
 
Figure 3-6: Schematic diagram of uniaxial tensile test system. Data Acquisition System is made up of a 
PC with a LabVIEW control program and a frame grabber card, a National Instruments PCI box and an 
interface card which was used to connect between the 250 load cell and PCI box 
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Figure 3-7: Experimental setup of uniaxial test with camera system 
 
Figure 3-8: A captured video image of a chord with markers used for strain measurement. 
 
The chords were mounted between two grips lined with sandpaper to improve gripping 
strength.  The two black dots (Figure 3-8) were marked on the chord’s central region between the 
two grips for optical strain measurements.  The chords were immersed in a tank of 0.9% saline 
solution for the duration of the test. All specimens were preconditioned by loading the tissue to a 
peak load of 2 N for 10 consecutive cycles at 50 mm/min to obtain repeatable stress-strain 
curves. To ensure the reference configuration is captured, the upper tissue grip was moved lower 
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until the tissue is slightly wrinkled and then slow raised until the tissue is straightened with small 
load reading (0.001 – 0.003 N). Immediately, data were recorded at 50 mm/min to failure.  
3.3.2 Data Acquisition System 
Data Acquisition System (DAS) was composed of a computer with a LabVIEW control 
program, a National Instrument (National Instruments, TX, USA) Frame grabber, a National 
Instrument’s PCI box and an interface card between the 250N load cell and PCI box. The video 
signal cable was connected to the frame grabbers on the computer, while the 250N load signals 
were transferred to an interface card and then through the PCI box to the computer. A start 
button was created in the control program to control both video and load signal recording so that 
the load cell and the camera were synchronized. After each specimen test, DAS will save a 
cam.avi file for video signals and a load.txt file for load signals. 
3.3.3 Image Analysis Technique 
 An image analysis program was developed in house using LabVIEW system to trace the 
marker’s coordinates and correlate the markers’ coordinate values and the load information with 
each frame. The users need to provide the video source directory and the path of saving the 
result. What we got was a cam.txt file with the information in each column of X1, X2, Y1, Y2, 
Time, Load and Frame. Each row of the data corresponds to a specific time of frame.  
Based on the quality of the video, we could choose using original video (raw) or 
threshold. Only two markers were chosen to be traced and the search area can be adjusted by 
using the tools provided and the marker number detected were displayed in the box above the 
image window. Figure 3-9 shows the screen shot of the Image Analysis program 
40 
 
 
Figure 3-9: screen shot of Image Analysis program 
 
3.3.4 Analysis of the relationship of Cauchy stress and Green strain 
The stress-strain analysis program of uniaxial testing data for two markers was 
developed in-house based on the following definitions: 
Stretch ratio (λ) is the measure of the extensional strain of a differential line 
element. It can be expressed as the ratio of the final (current) distance L to the initial 
distance     of two markers: 
   
 
  
 ( 1 ) 
The engineering strain is defined as 
    =  
  
  
    - 1 ( 2 ) 
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where ∆L is the change in the distance.  
Green strain is defined as  
         =  
 
 
 ( 
     
 
  
     =  
 
 
  (  -1) ( 3 ) 
The True strain or logarithmic strain is defined as the instantaneous elongation 
per unit length of the specimen. For an incremental strain: 
        = 
  
 
 ( 4 ) 
where dL is the instantaneous stretch, integrating the above equation, we get  
         =  
  
 
  
 
  
        = ln(
 
  
        ( 5 ) 
By incompressibility assumption, the volume consistency requires that 
 A L =       ,   A = 
    
 
=    
   ( 6 ) 
where A is the deformed cross-sectional area,    is the initial cross-sectional area. 
Cauchy stress or true stress measures the force acting on the deformed area. 
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   =          =     ( 7 ) 
where F is the load 
The code of stress-strain analysis of uniaxial testing data for two markers was developed 
in house, and contains two p-files and one m-files written in Matlab, markersotfu.p, 
moving_average.p, and uniaxial_v1_1.m. The m-file, uniaxial_v1_1.m requires two different 
inputs: the radius of the chordae and the file name of the result of the image analysis, cam.txt. 
After receiving this input information, the code would calculate the cross sectional area, read 
data from the cam.txt, rearrange two dimensional coordinates of markers on the specimen, and 
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load cell reading s from each frame. The initial length was calculated and current length, the 
stretch ratio, green strain and Cauchy stress were calculated. At the end of the code running, a set 
of data of Green Strain and Cauchy stress, a plot for Cauchy Stress versus Green strain were 
exported. 
3.3.5 Analysis of Secant modulus 
3.3.5.1 Physiological stress range definition 
Since the non-linear property, the chordae tendineae would not be easily characterized by 
a single modulus. Thus, a secant modulus, which is defined as the gradient of the straight line 
joining the origin to the point on the curve, was selected first. The secant modulus would give us 
a qualitative measure of the non-linear behavior. Physiological stress range was defined based on 
Figure 3-10 [25]. 
 
Figure 3-10: Curve fits of the uniaxial data for loading and unloading curve. The transition region 
between A and B is the physiological range in which the mitral valve chordal tissue normally functions. 
The section B to C is considered the reserved strength[25] 
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We calculate the stress range in Cauchy stress using above mentioned equation (7). 
From the figure, we got load and strain values for the three points: A (3.596364%, 
0.129611N), B (4.472727%, 0.747757N), C (5.056018%, 1.904195N), then used the above 
formula to convert to Cauchy stress and the results are list in Table 6. 
Table 6: Physiological stress range definition in Cauchy stress 
    Engineering stress Cauchy Stress 
A 0.066467265 0.068857669 
B 0.38346499 0.400616333 
C 0.976510213 1.025882747 
   
3.3.5.2 The code for secant modulus analysis 
The code for secant modulus analysis was developed in house, and contains two m-files 
written in Matlab, calc_chordae_interpolate_stiffness.m and interparc.m. The first m-file requires 
five inputs: the raw data file name in Excel and the sheet name where the raw data located. The 
output file name and the sheet name, the users also need to decide the stress level.   There was 
one sheet in the raw data file with patient information. The code would find the initial point and 
search along the stress strain curve created to locate the point at a specified stress level, 
calculates the secant modulus, plot the curve with highlighted initial point and the specified point 
on the curve for each specimen and export out results with other specimen information including 
age, diameter, heart weight etc. The advantage of this code was that the user could monitor the 
calculation through the plot and identify any error during the calculation process. 
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3.3.6 Analysis of secant modulus, extensibility, failure properties 
Based on Figure 3-11 [31], Secant Modulus, extensibility, failure strain and failure stress 
were calculated. Failure strength was calculated using failure stress divided by failure strain. 
 
Figure 3-11: Typical stress/strain curve for normal chordae modified from Barber et al. [31]. This curve 
demonstrates how Secant Modulus, extensibility, failure stress, and failure strain are obtained from such 
curve; the stress and strain here are in engineering stress and engineering strain respectively.    
Based equation (1), (2), (3), we can get the following:  
 λ =            ( 8 ) 
   
 
   = 
  
  
  -1=               1 ( 9 ) 
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The code for calculation of Young’s modulus, extensibility, and failure stress and failure 
strain was developed in house, and contains one m-file written in Matlab. The m-file requires 
four inputs from the users; the raw data Excel file name, the sheet name containing the stress 
strain data, the output file name and the sheet name for the results. The patients’ information was 
saved in one raw data file. When running the code, the Green Strain values are converted to 
engineering strain values first, and the points after yielding are removed. Then the m-file will 
read specimens’ information from the raw data file. After that, the code will fit data to piecewise 
linear function to determine elastic properties, the results will write to the output file with 
specimens’ information and the plots showing the fitted line, the intersect point on x axis and the 
failure point will exported. 
3.3.7 Histology slides and images 
Categorized chordae tendineae were fixed in 10% neutral buffered formalin for 24 hours. 
Then the chordae tendineae were transferred to 70% ethanol until tissue was processed in 
paraffin using the Shandon Pathcentre (Thermo Electron Corp, Waltham, MA). Each sample was 
cut into two parts so that one was embedded with specimen standing vertically for in radial 
direction section, the other with specimen laying down for longitudinal direction section. This 
allowed us to get both radial and longitudinal 5 micron sections for each chordae specimen.  All 
sections were dried overnight in a    C incubator followed by standard deparaffinization. 
There were three stains were performed on each type of human specimen, Hematoxylin 
and Eosin (H&E), Verhoeff stain followed by a van Gieson stain, and Von Kossa stain. 
Hematoxylin and Eosin (H & E) stains, and Verhoeff and van Gieson stains were performed on 
both radial and longitudinal sections for human and ovine samples to determine the collagen and 
elastin distribution of the chordae. Von Kossa stains were performed on the same sections of 
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human samples only to determine calcification status. For ovine specimen, only Hematoxylin 
and Eosin (H&E), Verhoeff stain followed by a van Gieson stain were used. 
After stain, the sections were dehydrated. Digital images of each slide were obtained 
utilizing an Olypus U-TV0.5 XC digital camera coupled with an Olympus BX40 light 
microscope. 
3.3.8 Curve fitting for Ogden model and finite element analysis 
In Ogden model[47], the strain energy density is expressed in terms of the principal 
stretches  , j =1,2,3 as: 
Ψ  ψ    ,   ,   ) =  
  
  
 
   (  
  +  
     
  -3), ( 10 ) 
where N,       are material constants .  
Two codes for curve fitting of Ogden model were developed in house, and contain one 
m-file written in Matlab, ogden_model_fitting_and_extrapolation_1210.m and a syc-file written 
in SYSTAT, OgdenFIT_uniaxial.syc. For the m-file, the Excel fine name and sheet name are 
required for Green Strain and Cauchy stress values, and the output file name and the sheet name 
are also required. If the automatic method could not get good result, the syc-file was chosen to 
manually fit the curve by converting Green strain to stretch and copying stretch and Cauchy 
stress to input data sheet for Lamda and S. the fitting results with a 0.8 and above R-square value 
were accepted for further process. 
3.3.9 Statistical analysis 
Differences between means of more than two groups were determined using the analysis of 
variance (ANOVA) test followed by the Holm-Sidak test and the Dunn’s Method test for pair-
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wise multiple comparison. The independent two sample t-test was used to determine significant 
differences between two groups. Non-parametric tests, including the Wilcoxon signed-rank test 
and Mann-Whitney rank sum test, were used for non-normal distributed sample groups. The p-
values were calculated based on the aforementioned statistical tests. All values of measurements 
are reported as a mean ± standard deviation. A P-value less than 0.05 was considered statistical 
significant, p ˂ 0.001 indicated high significance. Statistical analyses were performed using 
SigmaPlot (V11.0, Systat Software Inc., Sun Jose, CA). 
4 Chapter 4: RESULTS 
4.1 Physical properties 
 Table 7 lists the known patient information for each valve including age, gender, heart 
weight, cause of death and any record of heart related diseases. There are 8 individuals who had 
heart related diseases (e.g., hypertension (HTN), abdominal aortic aneurysm (AAA), congestive 
heart failure (CHF) and myocardial infarction (MI)). Two out of eight died from cardiac arrested 
(H1 and H12). Because cardiovascular diseases could affect the results, sample data were also 
analyzed by subgroups of healthy and diseased.  
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Table 7: Patients' clinic information 
Alz, Alzheimer’s; AP, Asperation Pneumonia; BC, bladder cancer; CA, cardiac arrest; CHF, congestive 
heart failure; COPD, chronic obstructive pulmonary disorder; CPA, Chronic pulmonary aspergillosis; 
HTN, hypertension; PC, prostate cancer; RA, respiratory arrest; RF, respiratory failure; Unk, unknown. 
 
 
Table 8 tabulates the number of chord and average diameter for each type and for each 
subgroup that were successfully dissected and tested for both human and ovine samples. There 
was no significant difference in diameter among chords from healthy and diseased hearts, except 
diseased AM samples were significantly smaller than healthy AM samples.  
 
Table 8: Sample size and diameter of each chord type of human and ovine tissues 
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Anterior Basal (AB), Anterior Marginal (AM), Anterior Strut (AS), Posterior Basal (PB) and Posterior 
Marginal (PM); Healthy (H), Diseased (D) (e.g., cardiovascular diseases). P-value of 0.05 or less is 
considered significant.  
 
The distribution of the human chords’ diameters is shown in Figure 4-1-a. Several 
outliers were detected in AS, PB and PM groups. Samples H10 in both AS and PB were found 
and visual inspections (shown in the inlet) indicated that the valve was thickening at the free 
edge that propagated to the chords. Sample H11 exhibited similar characteristic with more 
calcified deposits. Samples H3 and H4 were from hearts of individuals who had HTN. When 
comparing among chord types, the AS samples were significantly larger than other chords (p < 
0.001), AB samples were larger than AM and PM (p < 0.001), PB were larger than PM (p < 
0.001) and AM (p < 0.001), while there was no difference between AB and PB (p = 0.116) and 
AM and PM (p = 0.602). For ovine chords, AS samples were significantly larger than other 
differing chords (p < 0.001), AB and PB were larger than PM (p < 0.001). Similar to human 
chords, there was no difference between basal and marginal chords of two leaflets.  
Chord type N p-value N p-value
AB 45 0.80 ± 0.19 33 0.70 ± 0.14 0.008
H 15 0.82 ± 0.17
D 30 0.79 ± 0.20
AM 28 0.56 ± 0.10 8 0.65 ± 0.08 0.028
H 7 0.61 ± 0.11
D 11 0.54 ± 0.05
AS 14 1.27 ± 0.26 23 0.89 ± 0.17 < 0.001
H 8 1.18 ± 0.17
D 6 1.40 ± 0.34
PB 61 0.75 ± 0.17 36 0.68 ± 0.15 0.064
H 27 0.72 ± 0.15
D 34 0.77 ± 0.19
PM 18 0.57 ± 0.13 15 0.54 ± 0.10 0.842
H 7 0.54 ± 0.08
D 11 0.58 ± 0.16
0.71
0.01
0.14
0.27
0.65
Diameter (mm) Diameter (mm)
Human Ovine
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When comparing the cross-sectional areas of human and ovine chords, ovine AB and AS 
samples were significantly thinner than human ones, while ovine AM samples were much larger 
than human AM ones (Figure 4-1-c). Human and ovine posterior chords were resembled in size. 
 
Figure 4-1: Boxplots of the diameters of (a) human and (b) ovine chordal types. Sample H10 from both 
AS and PB groups were identified as outliers, which resulting from chordal thickening and fusion and 
samples H3 and 14 were from individuals who had hypertension (see inlet of (a)). No outlier was detected 
for all ovine chords; c) cross-sectional area comparisons between human and ovine chordal types; 
comparison between healthy and diseased chords.   
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4.2 Stress strain relationship 
4.2.1 Experiment raw data 
4.2.1.1 Cauchy stress versus Green strain for individual specimens 
After running our Matlab code of Stress –strain analysis of uniaxial testing data, the 
Cauchy stress and Green strain data sets and corresponding stress-strain plots were exported. The 
comparison of the representative curves between human and ovine is shown in Figure 4-2.   
Figure 4-3 and Figure 4-4 show representative stress-strain plots for both human and ovine of 
anterior chordae types and posterior chordae types respectively. 
 
Figure 4-2: Typical stress-strain curves obtained for human and ovine chords.   
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Figure 4-3: An example of Cauchy Stress versus Green Strain plots of anterior side chordae for both 
human and ovine 
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Figure 4-4: An Example of Cauchy Stress versus Green Strain plots of chordae on posterior side for both 
human and ovine 
 
4.2.1.2 Cauchy stress versus Green strain for different chordae types 
The combined presentation of all the sample raw data showing as Cauchy stress versus 
Green strain can be found in Figure 4-5 and Figure 4-6. 
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Figure 4-5: Experimental raw data from uniaxial testing are shown as Cauchy Stress-Green strain plots 
for anterior chordae types (ab, am, and as) 
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Figure 4-6: Experimental raw data from uniaxial testing are shown as Cauchy Stress-Green strain for 
posterior chordae types (pb and pm) 
 
4.2.2 Green strain mean curves with standard deviation 
After fitting the curve and analyzing of the standard deviation, a comparison chart was 
formed for all five types of chordae between human and ovine. Figure 4-7 is for anterior chordae 
types and Figure 4-8 is for posterior chordae types. 
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Figure 4-7: Green Strain mean curve with standard deviation error bar human versus ovine for anterior 
chordae types (ab, am and as) 
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Figure 4-8: Green Strain mean curve with standard deviation error bar_Human versus ovine for posterior 
chordae types (pb and pm) 
 
58 
 
 
 
4.3 Secant modulus analysis 
The Cauchy stress and Green strain data were used to analysis of secant modulus. Figure 4-9 is a 
representative plot of the secant modulus calculation. The secant modulus of all five types of 
chordae of both human and ovine within the physiological stress range (0.4 MPa) and above (1 
MPa and 10 MPa) are summarized in Table 9. 
. 
All five types of chordae tendineae of Human had significant higher secant modulus than 
that of ovine in all three stress levels. There was no significant difference between the chordae 
types for human at three stress levels; The Secant modulus of posterior basal chordae (2.27 ± 
1.201) was less than that of posterior marginal chordae (4.042 ± 2.658) and anterior marginal 
chordae ( 3.24 ± 1.167)  within the physiological stress range and this difference continued till 1 
MPa  and 10 MPa. The secant moduli for human and ovine chords at each stress level are 
illustrated in Figure 4-10. The human chords of each type had significantly higher secant 
moduli than the corresponding ovine chords at all three stress levels.  The secant 
moduli among the human chords of differing type were similar.  However, among the 
ovine chords, the secant moduli of the PM (4.04 ± 2.66 MPa) and AM chords (3.24 ± 1.17 
MPa) were nearly twice that of the PB chords (2.27 ± 1.20 MPa) within the physiological 
stress range, and this trend was also seen at the high and failure stress levels.  The 
moduli of chords with diseases showed an increase in value when comparing with 
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healthy chords although not at significant level. . Figure 4-11 is a three dimensional 
demonstration of all the secant modulus mean values. 
 
 
Figure 4-9: an example exported plot of secant modulus anlysis code showing the raw datam spline fit 
and the points used for secant modulus analysis 
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Table 9: Secant modulus within physiological stress range 0.4MPa and higher stress levers 1MPa and 
10MPa (Cauchy stress) 
 
 
Figure 4-10: Secant modulus at three different stress levels of a) 0.4, b) 1 and c) 10 MPa; d) moduli 
comparing between diseased and healthy chords.  
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Figure 4-11: a 3D plot showing all secant modulus mean values of three stress levels with human have 
significant higher values at all levels 
 
4.4 Young’s modulus, extensibility, failure stress and failure strain 
 Young’s modulus, extensibility, failure stress and failure strain were calculated after 
converting Green strain to Engineering strain. Figure 4-12 are two representative plots showing 
the test data, lines for modulus calculation, the intersection points on the x axis for extensibility, 
and the points for failure stress and failure strain. The results of the calculation of Young’s 
modulus, for both human and ovine are summarized in Table 10 
. 
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Figure 4-12: Two example plots exported from the unixail parameter analysis Matlab code for both huam 
and ovine sampes showing test data, linear fit for modulus calculation, extensibility and the failure point 
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Table 10: Young's modulus 
 
4.4.1 Young’s modulus 
Significant differences (p <0.05) within human and ovine were observed in Young’s. For 
human, posterior marginal chordae is bigger than posterior basal chordae and anterior basal 
chordae. For ovine, anterior marginal is bigger than anterior basal, anterior strut and posterior 
basal chordae; posterior marginal chordae is bigger than posterior basal, anterior strut, and 
anterior basal chordae. Figure 4-13and Figure 4-14 depict comparison of five chordae types 
within human and ovine respectively. Significant differences between human and ovine chordae 
were also observed (Figure 4-15). Anterior basal chordae, anterior marginal chordae and 
posterior basal chordae have higher (p <0.001) Young’s modulus than their counterparts of 
human; Young’s modulus of posterior marginal chordae of ovine is higher (p =0.02) than that of 
human (Figure 4-15). 
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Figure 4-13: Young's modulus of different chordae types of human. The interconnecting lines represent 
significant differences between groups, p <0.05. 
 
Figure 4-14: Young's modulus of different chordae types of ovine. The interconnecting lines represent 
significant differences between groups, p <0.05. 
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Figure 4-15: Comparison of Young's modulus. The ovine has a significant higher Young's modulus in all 
five types of chordae tendineae. 
 
4.4.2 Extensibility 
The extensibilities for each chord type and species are illustrated in Figure 4-16. The 
extensibilities of the ovine chords were also significantly higher than those for human chords 
(p<0.001).  There was no significant difference among the chordal types in both human and 
ovine models. Overall, diseased chords showed less extensible compare to healthy ones, and only 
AB samples showed a difference at a significant level (p = 0.017). 
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Figure 4-16: Extensibility comparison between a) human and ovine and b) healthy and diseased human 
chords.   
 
4.4.3 Failure properties 
The failure properties are summarized in Table 11. There was no significant difference in 
failure properties among the chord types for both human and ovine models. Overall, healthy 
human chords were slightly stronger compared to the corresponding diseased chord types, see  
Figure 4-17. From Figure 4-17, it also shows that the yield strain and stress of diseased AS 
samples were significantly lower than healthy AS samples (yield strain (H vs. D): 0.15 ± 0.06 vs. 
0.08 ± 0.02, p = 0.027; yield stress: 28.22 ± 9.62 MPa vs. 18.59 ± 10.13 MPa, p = 0.038) and the 
yield stress of diseased AM samples were much lower than the healthy ones (23.25 ± 10.22 MPa 
vs. 37.70 ± 13.77 MPa, p = 0.011). There was a tendency towards ovine chords being stronger 
than the corresponding human chords. The yield and failure strains for ovine chords were 
significantly higher than those for human for each chord type. For yield and failure stress, 
although all ovine chords were stronger than human ones, only the AB ovine chords were 
significantly stronger compare to human AB chords.  
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Table 11: Yield and failure strain-stress data for human and  ovine chord tissues, including healthy (H) 
and diseased (D) human chords 
 
Yield Strain AB 0.13 ± 0.04 0.28 ± 0.11 *
H 0.14 0.04
D 0.12 0.04
AM 0.15 ± 0.08 0.27 ± 0.12
H 0.17 0.10
D 0.13 0.06
AS 0.13 ± 0.05 0.27 ± 0.12
H 0.15 0.06 *
D 0.08 0.02
PB 0.13 ± 0.07 0.30 ± 0.10
H 0.13 0.07
D 0.13 0.07
PM 0.12 ± 0.04 0.26 ± 0.12
H 0.12 0.04
D 0.12 0.04
Yield Stress (Mpa) AB 27.05 ± 21.06 34.36 ± 19.20 *
H 24.54 18.61
D 28.31 22.37
AM 29.20 ± 13.55 30.70 ± 22.32
H 37.70 13.77 *
D 23.25 10.22
AS 26.26 ± 9.40 29.35 ± 14.15
H 28.22 9.62 *
D 18.59 10.13
PB 30.46 ± 18.63 37.99 ± 20.30
H 32.52 18.79
D 29.16 19.10
PM 22.63 ± 12.07 30.71 ± 14.44
H 22.63 12.07
D 27.57 11.16
Failure Strain AB 0.15 ± 0.06 0.29 ± 0.11 *
H 0.16 0.06
D 0.14 0.06
AM 0.16 ± 0.08 0.27 ± 0.12
H 0.19 0.10
D 0.13 0.07
AS 0.19 ± 0.16 0.28 ± 0.13
H 0.17 0.09
D 0.18 0.23
PB 0.15 ± 0.08 0.31 ± 0.11
H 0.15 0.09
D 0.15 0.08
PM 0.14 ± 0.04 0.26 ± 0.12
H 0.14 0.04
D 0.14 0.06
Failure Stress (MPa)  AB 29.08 ± 22.27 35.19 ± 19.37 *
H 30.55 23.65
D 26.13 19.65
AM 30.70 ± 14.27 31.30 ± 22.43
H 40.20 14.72
D 24.04 9.91
AS 30.87 ± 12.69 29.92 ± 15.00
H 31.36 14.50
D 23.63 13.81
PB 33.34 ± 20.27 38.79 ± 20.75
H 34.48 19.82
D 32.80 21.47
PM 24.87 ± 12.18 31.30 ± 14.67
H 24.87 12.18
D 31.07 13.25
Human Ovine
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Figure 4-17: a) Yield strain and b) stress of diseased and healthy human chords 
 
4.5 Histology 
The normal chordae tendineae had two distinct layers: a large central core composed of 
dense collagen bundles and surrounded by a thin elastic sheath composed of thin elastic fibers. 
The results of histological examination are shown in Figure 4-18 and Figure 4-19. The samples 
from a healthy heart (H7) were compared to a diseased one (H10). The AB and AM samples 
appeared to have thick fibrous layers around the core chord. The AM from the healthy sample 
did not seem to have increased area, however, also exhibited excessive fibrous tissues around the 
original chord. There was no extra layer of fibrous tissues surrounding the posterior chords.  
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Figure 4-18: Circumferential cross-sections of the (a) anterior (AB, AM, AS). Images on the left are from 
sample H7 (healthy group) and samples on the right are from sample H10 (diseased group). White arrow 
indicates the core, and white asterisk is the excess fibrous tissues. Bar is 1000 um.  
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Figure 4-19: Circumferential cross-sections of the (b) posterior (PB, PM) chords. Images on the left are 
from sample H7 (healthy group) and samples on the right are from sample H10 (diseased group). White 
arrow indicates the core, and white asterisk is the excess fibrous tissues. Bar is 1000 um.  
 
There were also some clear differences between human and ovine chords with respect to 
the tissue microstructure.  As shown in the longitudinal sections of AB chords stained in 
Verhoeff Van-Gieson in Figure 4-20-a&b, the human one appeared to have nearly straight 
collagen fiber structure, while the ovine chords contained highly crimped collagen fibers.   
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Crimp period of collagens can be seen clearly in Figure 4-20-c&d, where the crimping amplitude 
of human AB chord was much smaller than the one observed in ovine sample.  
 
 
Figure 4-20: Longitudinal sections of the representative anterior basal (AB) samples of a) human (H6), b) 
sheep obtained from bright-field microscopy; and of c) human and d) sheep obtained from inverted 
microscopy. 
 
4.6 Computational modeling 
4.6.1 Ogden model parameters 
The nonlinear hyperelastic Ogden model parameters for human and ovine are 
summarized in Table 12. The Ogden model was able to capture the chordae mechanical behavior 
well with high R-square value of 0.968±0.0491 and 0.9788 ± 0.0160 for anterior basal chordae 
a. b.
c. d.
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of human and ovine respectively; 0.9816 ± 0.018, and 0.9805 ± 0.0497 for anterior marginal of 
human and ovine respectively; 0.9819 ± 0.01740, 0.9797 ± 0.011356 for anterior strut chordae of 
human and ovine respectively; 0.9738 ± 0.0370 and 0.9831 ± 0.0077 for posterior basal chordae 
of human and ovine respectively; 0.9824 ± 0.01066 and 0.98299 ± 0.0085 for posterior marginal 
chordae of human and ovine respectively. The representative stress strain response data and 
fitting results are shown in Figure 4-21 exported from Matlab code and Figure 4-22 exported 
from MYSTST code. 
Table 12:  Ogden model parameters for human and ovine. Data are presented as mean ± standard 
deviation 
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Figure 4-21: Representative stress-strain response data for human (top)  and ovine (bottom) fitted with 
Ogden model (red lines) exported from Matlab code. 
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Figure 4-22: Representative data fitted with Ogden model exported from MYSTAT 
 
4.6.2 Chordae simulation for individual specimen 
The fitted parameters were used on the individual chordae model simulation. Based on 
measured diameter a cylindrical geometry model was created with fitted material parameters. 
After applying the stress valued recorded, the simulation result was compared with experimental 
result. Figure 4-23 depicts the individual chordae simulation process.  
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Figure 4-23: Representative individual chordae simulation showing the chordae geometry (top), the 
response after applying force and the comparison of the simulation result and the experimental result 
(bottom) 
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4.6.3 Mitral valve finite element model and coaptation simulation 
In this section, the  material properties of chordae tendineae of human and ovine obtained 
in this study were incorporated into the mitral valve model created by Wang and Sun [7]. The 
goal of this study is to determine the effect of mitral valve closure upon applying different 
chordal properties.   
The geometry of the mitral valve were obtained from a patient CT images and 
reconstructed into a 3D FE model. The material properties of mitral valve leaflets were obtained 
from a cadaver heart through biaxial testing method. An inverse FE method was used to estimate 
the model parameters by comparing FE simulated tissue responses with the experimental data. A 
dynamic explicit analysis was completed to simulate the mitral valve closing process. To mimic 
the mitral annular and papillary muscle dynamics due to the contraction of the surrounding left 
ventricle, accurate nodal displacements of the mitral annulus and chordal origins on the papillary 
muscles were tracked from the CT scans at middle diastole and middle systole and applied to the 
FE mitral valve model as kinematic boundary conditions. A time-dependent physiological 
transmitral pressure of one cardiac cycle was applied on the ventricular side of the mitral leaflets. 
Stress and strain information of mitral valve leaflets and tension of the chordae tendineae were 
output from the simulation. The closed shape of the mitral valve from the simulation was 
compared to the mitral valve geometry at middle systole reconstructed from MSCT images. 
Figure 4-24 was obtained from [7] showing CT images of the patient and measurement 
parameters: (a) diameter and height measurements and (b) plane of analysis for coaptation 
measurements at (c) middle systole and (d) middle; Figure 4-25 showed the undeformed and 
deformed geometries of the mitral valve models with human and ovine material properties. Upon 
applying the pressure, the mitral valve was able to close in both models. Although there are 
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several small orifices, there is no orifice in the middle section of the valve that often cause 
leakage 
 
Figure 4-24: The reconstructed 3D mitral valve FE model[7] with (a) diameter and height measurements 
and (b) plane of analysis for coaptation measurements at (c) middle systole and (d) middle diastole [Wang 
and Sun, 2013] 
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Figure 4-25: Coaptation status comparison between chordal properties of ovine and human applying on 
the same geometry and the same leaflet material. 
Figure 4-26 showed the coaptation length measurement for two types of chordae material 
properties, 33.298 mm for ovine chordae and 2.097 mm for human chordae. Given that there is 
no leakage in human mitral valve, the coaptation length of human valve was appropriate. Ovine 
leaflets had a greater coaptation length due to the higher compliance of the chords, which 
resulted in greater coaptation length. 
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Figure 4-26: Coaptation length measurement for three types of chordae material properties:  3.298 mm for 
ovine chordae and 2.097 mm for human chordae. 
 
Figure 4-27 showed the closing geometry of the human and ovine mitral valves. It can be 
seen that both anterior and posterior leaflets of ovine valve model were billowing into the left 
atrium. Measurements of the billowing were achieved by cutting the mitral valve in the anterior-
posterior plane and measuring the distances between the leaflets’ atrial layers. The maximum 
distance was 1.809 mm. Billowing effect has not been characterized and quantified, therefore, 
there is no conclusion whether this can lead to prolapse. From this study, we can observe that 
ovine chordal properties were significantly more compliant compared to human ones. This 
discrepancy in mechanical properties resulted in differences in mitral valve function, particular 
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in mitral valve closure.  The results emphasize the importance of the chordae material properties 
in proper MV function and accuracies of computational models require appropriate material 
properties of all valvular components. 
 
Figure 4-27: Comparison of leaflet billowing effect at the deformed configuration. Ovine had a more 
billowing effect compared to human 
5 Chapter 5: DISCUSSION  
In this study, the mechanical and structural properties of five types of aged human and ovine 
chordae tendinae were characterized and compared. Our mechanical testing data for aged human 
and ovine chords are consistent with published data on human [48] and porcine chords [49-52].  
Similar to studies in [53, 54], among our human and ovine samples the marginal chords were the 
thinnest and the strut chords were the thickest. The marginal chords had the highest stiffness, 
which is in agreement with published data for human [55] and porcine [56] chords. Generally, 
the thinner chords exhibited higher stiffness than the thicker chords as observed in porcine 
Leaflet billowing
HumanOvine
dAmax = 1.809 mm
A
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specimens [57].  Sedransk et al. [56] observed higher failure strains and lower failure stresses for 
porcine basal chords compared to marginal chords.  We also observed this trend for ovine 
samples; however, these differences were not significant. 
Although the human and ovine chords exhibited many of the same trends, the mechanical 
parameter values were very different between the two species.  The aged human chords were 
significantly stiffer than the ovine chords, with markedly reduced extensibility at low load.  
Ovine samples were approximately 5-fold more extensible than the aged human chords.  It is 
interesting to note that when we calculated the tangent modulus, ovine moduli were larger 
compared to human. This discrepancy arises from the fact that the tangent modulus only captures 
the tissue response in the high load range, while completely neglecting the low load extensibility.  
Therefore, a nonlinear hyperelastic material model should be used to describe the chord material 
properties to avoid faulty analysis.  The ovine chords were also generally stronger than the 
corresponding human chords, although there was no significant difference in the yield and failure 
stresses among the groups except AB samples. 
Differences in the microstructure of human and ovine chords may partly explain the 
differences in mechanical properties.  Collagen fibers in the human chords exhibited less crimp 
characteristic which resulted in the reduced extensibility at low load, while the collagen fibers in 
the ovine chords were denser and crimped which resulted in high extensibility at low loads and 
greater fiber recruitment thus a higher modulus at high loads.  It is possible that straightened 
collagen fibers in the human chords indicate micro-level damages to the fibers and interfibrillar 
linkages, which rendered the human chords weaker than the corresponding ovine chords.  Liao & 
Vesely [58] have shown that a greater modulus may be explained by a greater number of 
interfibrillar linkages. A greater number of intact interfibrillar linkages in the ovine tissues may 
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also explain the higher moduli and strength of the ovine chords.  However, examining the 
interfibrillar linkage is beyond the scope of this study. 
The microstructure of human chords observed in this study resembles the characteristics of 
the chords with myxomatous disease described in Barber et al. [59] study. In their study, they 
found that chords with increased cross-sectional area due to an accumulation of fibrous tissues 
around the core chord did not contribute to the mechanical strength of the chord.  Similarly, we 
found that diseased human chords were thicker, less extensible and weaker compare to the 
healthy ones. Particularly in the thickest AS chords, the failure strain and strength were 
significantly lower than the respective healthy chords. In contract to the AS, the diseased AM 
chords were significantly thinner than healthy chords, however, they were much weaker and 
exhibited lower failure strain (not significant).   It can be seen in Fig. 9-a that even though AM 
chords might seem to be smaller, they might also exhibit excessive layers of fibrous tissues that 
did not contribute to the overall mechanical load. The diseased AM samples were significantly 
weaker and yielded earlier than healthy ones. Liao and Vesely [32] introduced a simplified 
mathematical model of chordae based on the assumption that all chords have the same collagen 
crimp amplitude. From the theoretical model, extensibility is a function of collagen period. From 
our microstructural analysis, no significantly difference in extensibility and stiffness at three 
different level of stress could be due to the fact that all collagen fibers were straighten in tissues 
from elderly individuals.  
One factor that needs to be considered is age. Our data were collected from individuals with 
age range from 56 to 98 years. The average ages of the diseased and healthy groups are 78.25 ± 
12.56 and 66.17 ± 32.85 years old, respectively, and the difference is only 12 years. It could be 
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that collagen structure from these age groups might have been altered, as it has been reported 
that structural and mechanical properties of human tissues change at 65 years or older [60-62]. 
6 Chapter 6: LIMITATION AND FUTURE STUDIES 
There were several limitations of this study. The chordae strain and initial diameter was 
measured between the markers in the center of the specimen, but the samples did not all rupture 
between the markers.  Specimens less than 10mm in length would be very difficult to clamp 
during testing, thus all the chordae in this range were not included the study.  Also, the human 
specimens tested were all from aged patients, so the results of this study may be limited to mitral 
valve modeling and simulation of aged patients only.  Future work may include testing human 
specimens from patients of various ages for a more complete study, and image analysis of 
interfibrillar linkages and collagen fiber fracture in chords. 
7 Chapter 7: CONCLUSION 
Aged human mitral chords of differing types exhibited similar elastic and failure properties, 
but among the ovine samples, marginal chords were generally stiffer and stronger than the basal 
and strut chords.  The ovine chords of all types were significantly more compliant than the 
corresponding human chords, and typically stronger, which can be explained by the collagen 
fiber structure in ovine samples, which was more highly crimped than the human samples.   
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